both adult and pediatric patients diagnosed with aHUS. 4, [12] [13] [14] However, the long-term safety profile of eculizumab has not been characterized or compared against nontreated patients in a large patient population in a real-world setting.
For rare diseases such as aHUS, a global registry with multiple study sites worldwide provides an opportunity to gather a large patient dataset and to gain further insight into clinical characterization, genetic correlations, and optimal therapeutic management. 15 Here, an analysis of the eculizumab safety profile was performed using the Global aHUS Registry database. Specifically, baseline characteristics and targeted adverse events from adult and pediatric patients with aHUS who were "ever treated" versus "never treated" with eculizumab are reported.
METHODS
The Global aHUS Registry 15 (US National Institutes of Health, www.ClinicalTrials.gov Identifier NCT01522183) is an observational, noninterventional, multicenter, global study initiated in April 2012 to retrospectively and prospectively collect data on the natural history of aHUS in all eligible patients, as well as to evaluate long-term safety and effectiveness of eculizumab. The registry was designed to (i) record the natural history of the disease, regardless of disease management; and (ii) fulfill postmarketing regulatory requirements by providing long-term follow-up on the aHUS indication for eculizumab. The protocol was approved by an institutional review board or independent ethics committee at each participating center. All patients or their parents/guardians provided written informed consent prior to study entry.
Methodology for enrollment has been reported previously. 15 In brief, clinicians were encouraged to enroll patients with a preexisting clinical diagnosis of aHUS (diagnosis of aHUS was not performed as part of the registry protocol).
Patients were not required to have a history of eculizumab therapy or a specific identified genetic or autoimmune complement abnormality. Patients with evidence of Shiga toxin-producing Escherichia coli infection and those with ADAMTS13 activity #5% (if performed) were excluded, consistent with previous clinical trials of eculizumab in aHUS. 12 Medical records were used to collect disease history information, which was then maintained in a Web-based secure electronic data collection system. The following information was included in reports gathered during enrollment and every 6 months thereafter: patient demographics, medical and disease history, symptomatology, appropriate laboratory results, clinical and patient-reported outcomes, and safety of eculizumab.
Patients in the ever-treated group received $1 dose of eculizumab prior to, during, or after enrollment; patients who received eculizumab must have been vaccinated for meningococcal disease at least 2 weeks prior to receiving the first dose of eculizumab. 9, 10 Patients in the never-treated group had no history of eculizumab use at any time. Reasons for not receiving eculizumab were not known, as therapy was determined by the treating physician. For ever-treated patients, baseline was defined as the date of eculizumab initiation, whereas for never-treated patients, baseline was defined as the date of registry enrollment. Targeted safety events were reported at baseline and follow-up visits with a focus on meningococcal infections, serious infections, sepsis, malignancy, hepatic impairment, infusion reactions, and death. Neither sepsis nor renal symptoms were defined specifically for adverse event reporting purposes; however, these events were reported when identified by the clinician. Serious infections were not necessarily classified as serious adverse events according to clinical trial regulations, and did not necessarily result in death, life-threatening adverse event, inpatient hospitalization or prolongation of existing hospitalization, persistent or significant incapacity or substantial disruption of the ability to conduct normal life functions, or a congenital anomaly/ birth defect. Serious infections included, but were not limited to, Aspergillus infections and infections due to encapsulated bacteria such as Neisseria meningitidis, Neisseria gonorrhoeae, Streptococcus pneumoniae, and Haemophilus influenzae. Although considered a serious infection, meningococcal infection was analyzed separately because of its significance with regard to the mechanism of action of eculizumab.
All statistical analyses were performed using SAS statistical software (version 9.2; SAS Institute, Cary, NC). 15 The data cutoff for the analysis was January 26, 2017. Event rates were calculated as the number of safety events that were reported since baseline divided by the cumulative duration of follow-up for all patients (expressed in patient-years).
RESULTS

Patients
A total of 1321 patients from the registry were included in the analysis by the data cutoff date. Upon stratification, there were 842 (63.7%) adult and 479 (36.3%) pediatric patients ( Figure 1 ). Of the adult patients, 535 (63.5%) were ever treated and 307 (36.5%) were never treated with eculizumab. There were 330 (68.9%) and 149 (31.1%) pediatric patients in the ever-treated and never-treated groups, respectively. The mean (SD) duration of eculizumab treatment (whether started before or after enrollment in the registry) was 2.17 (1.56) years for adult and 2.72 (1.74) for pediatric evertreated patients, respectively. Median (range) age at baseline was 38.1 years (range, 18-80) and 41.9 years (range, 18-88) in ever-treated and never-treated adult patients, respectively, and was 5.9 years (range, 0-17.9) and 9.8 years (range, 0-17.9) in ever-treated and never-treated pediatric patients, respectively ( Table 1 ). The median interval between diagnosis and eculizumab initiation (baseline) in ever-treated adult patients was 0.04 years (range, À0.08 to 36.9) and 0.04 years in ever-treated pediatric patients (range, À0.074 to 16.991), with median time from diagnosis to enrollment of 0.6 years (range, 0À37) in adult patients and 0.9 years (range, 0À20) in pediatric patients. In the never-treated group, the median time from diagnosis to enrollment was 2.2 years (range, 0À51) in adult patients and 4.3 years (range, 0À17) in pediatric patients. Fifty-one percent of never-treated and 28% of ever-treated patients were diagnosed with aHUS before establishment of the Global aHUS Registry in 2012. Approximately 11% of adult patients The FACIT-Fatigue is a 13-item scale evaluating the intensity of fatigue and impact on daily life using a 5-point Likert-type scale. 35, 36 The score ranges from 0 (maximum fatigue) to 52 (no fatigue). 35 An increase in score of $3 on this instrument is considered clinically important. 37 d Medical history and/or prior to baseline. e For several patients, the end date of dialysis was missing, so categorization as acute or chronic was not possible. f Malignant hypertension was reported by the physician, but specific diagnostic criteria were not given. 
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and 15% of pediatric patients had a family history of aHUS. The proportions of patients receiving dialysis (regardless of whether dialysis was acute [#3 months] or chronic [>3 months]) and plasma exchange/plasma infusion prior to or at baseline did not differ between the 2 patient groups. However, other baseline characteristics suggest that ever-treated patients, particularly pediatric patients, had more severe disease at baseline than never-treated patients, as evidenced by a higher proportion of renal, cardiovascular, pulmonary, central nervous system, and gastrointestinal symptoms and hepatic impairment prior to or at baseline compared with patients who were never treated with eculizumab ( Table 1) .
Follow-up
In ever-treated adult patients, mean (SD) length of follow-up after the first infusion of eculizumab was 2.32 (1.60) and 1.35 (0.92) years, respectively, among those who initiated treatment before and after registry enrollment. In ever-treated pediatric patients, length of follow-up was 2.83 (1.77) and 1.72 (0.89) years, respectively.
During the follow-up period from baseline to data cutoff, 108 (20.4%) adult ever-treated and 21 (7.7%) never-treated patients had dialysis, 123 (23.3%) and 21 ( 
Targeted Safety Events
Meningococcal infections occurred in 2 adult patients (0.17 per 100 patient-years; 95% confidence interval [CI] ¼ 0.02À0.63) and 1 pediatric patient (0.11 per 100 patient-years; 95% CI ¼ 0.00À0.62) ever treated with eculizumab ( Table 2 ). Details of the meningococcal infections are reported in Table 3 . The meningococcal infection resolved without sequelae in 2 patients, whereas a fulminant meningococcemia led to a fatal outcome in 1 adult patient.
Similar rates of sepsis, malignancy, and hepatic impairment were reported from baseline to the date of last follow-up among patients who were ever treated and never treated with eculizumab ( Table 2) . Four infusion reactions were reported in adult patients and 5 in pediatric patients. A higher proportion of pediatric patients in the ever-treated group reported serious infections (32 patients with 46 events; 5.15 events per 100 patient-years; 95% CI ¼ 3.77À6.87) compared with the never-treated group (2 patients with 3 events; 1.12 events per 100 patient-years; 95% CI ¼ 0.23À3.28). Serious infections during eculizumab treatment in pediatric patients included 17 unspecified, 12 viral, 3 infections in central lines/catheters, 2 pneumonia, 2 pyelonephritis, and 1 each of influenza, Clostridium difficile, otitis media, tonsillitis, and upper respiratory tract infection. Eight pediatric ever-treated patients had infections while off eculizumab treatment. Eighteen (56%) and 7 (22%) pediatric ever-treated patients with serious infections required dialysis or had renal transplants, respectively. Infections reported in nevertreated patients were pyrexia and viral infection (n ¼ 1) and possible line infection (n ¼ 1). Both patients had received dialysis and had renal transplants. Serious infections were also reported more frequently in evertreated compared with never-treated adult patients (7.48 [95% CI ¼ 5.98À9.24] versus 6.17 [95% CI ¼ 4.03À9.04] per 100 patient-years).
Although death was reported more frequently in never-treated (9.9%) compared with ever-treated (4.7%) adult patients ( Table 2) , causes of death in both subgroups included sepsis/infections, cardiovascular disease, and cancer (Table 4 and Supplementary Tables S1 and S2). In ever-treated adult patients, 1 patient died from fulminant meningococcemia and 1 patient died from a ruptured cerebral aneurysm related to Aspergillus infection (Table 4 ). In all, 12 of the 25 (48.0%) ever-treated adult patients were on eculizumab at the time of death. Six of 25 deaths (24.0%) were reported in adult patients who had discontinued eculizumab for >2 months, and the remaining 7 had discontinued eculizumab <2 months.
In the pediatric population, death was reported in 6 (1.8%) ever-treated patients ( Table 2) . Causes of death are presented in Tables 4 and 5 . At the time of death, 4 of 6 pediatric ever-treated patients (66.7%) were on eculizumab. No deaths were reported in never-treated pediatric patients (Table 2) .
DISCUSSION
The Global aHUS Registry provides a substantial observational dataset with a large patient population and represents a longitudinal analysis of patients at different stages of disease and treatment status/duration, with varying degrees of severity and comorbidities. The results of this analysis including 5 years of enrollment in the registry did not identify new safety concerns in pediatric and adult patients who were treated with eculizumab. Overall, the safety profile demonstrated in the clinical trial program 4,12-14 was confirmed with this registry analysis in a larger patient population with longer follow-up.
In the current study, the most frequently reported safety events in all patients with aHUS, regardless of eculizumab treatment status, were serious infections and sepsis. Serious infections occurred at a higher rate in the ever-treated patient group in the pediatric population. However, it should be emphasized that "ever treated" included any patient who ever received a single dose of eculizumab; the analysis was not designed to determine timing of safety events with respect to eculizumab treatment status at the time of the event. Therefore, not all of these patients necessarily received long-term treatment or were on eculizumab at the time of infection. Previous clinical trials of eculizumab have included safety outcomes, including infection rates, in pediatric patients with aHUS. A 26-week clinical trial of eculizumab in patients with aHUS who were <18 years of age included few reports of serious infections, with the most common infections being of the upper respiratory tract and occurring in 32% of patients. 14 A recent interim analysis of a long-term, observational clinical study enrolling adult and pediatric patients who completed a clinical trial of eculizumab in aHUS 16 included safety outcomes, revealing low (<5%) rates of serious infections in patients, but did not include data subgroups by age or by treatment status (ever treated versus never treated with eculizumab). In the current study, a higher proportion of pediatric patients who were treated with eculizumab developed a serious infection following treatment versus those who were never treated (5.15 [95% CI ¼ 3.77L6.87] versus 1.12 [95% CI ¼ 0.23L3.28] per 100 patient-years); most were unspecified/viral in cause and resolved with appropriate management. It should be noted that higher 
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proportions of ever-treated versus never-treated pediatric and adult patients required dialysis, transfusions, or had renal transplants, which are well-known confounding and independent predisposing factors for infections [17] [18] [19] from baseline through data cutoff. In addition, both pediatric and adult ever-treated versus never-treated patients had more frequent renal and extrarenal symptoms and impairment, again indicating a more severe baseline disease. Because of its mechanism of action, the use of eculizumab is associated with increased risk of meningococcal infections. 9, 10, 20 In this registry, revaccination occurs at the discretion of the individual treating physician. Of the 842 ever-treated patients with evaluable safety data in this analysis, 3 patients (0.4%) developed meningococcal infections. Of the 3 patients, 2 did not receive prophylactic antibiotics, and 1 patient received penicillin prophylaxis but was infected with a penicillin-resistant meningococcal strain. Despite the severity of the meningococcal infections, 2 of the 3 patients recovered from the infection without sequelae after receiving appropriate antibiotic therapy and did not require interruption of their eculizumab therapy. One adult patient, who did not receive prophylactic antibiotics, developed fulminant meningococcemia with Waterhouse-Friderichsen syndrome presentation and died on the same day. The N. meningitidis strain (ST-12758) identified by polymerase chain reaction was not covered by the vaccination received by the patient. 21 In past aHUS clinical trials, 4, [12] [13] [14] in which vaccination was required for enrollment, meningococcal infections were reported in 2 adult patients (2% overall). Fakhouri et al. 4 reported 1 case of meningococcal meningitis with unknown serogroup that led to discontinuation of therapy, and another case of meningococcal sepsis with B serogroup. In both cases, the patients were vaccinated against meningococcal serogroups A, C, W, and Y, but were not on prophylactic antibiotics. 4 Recent findings from a 10-year pharmacovigilance analysis of eculizumab included meningococcal infection rate of 0.25 per 100 patientyears overall, including 0.24 per 100 patient-years in patients with paroxysmal nocturnal hemoglobinuria and 0.29 per 100 patient-years in patients with aHUS. 22 According to the Centers for Disease Control and Prevention (CDC), vaccinations against serogroups A, B, C, W, and Y may reduce the risk of meningococcal infection, but may not provide complete protection. 20, 23, 24 The CDC recommends that adult eculizumab-treated patients receive a 2-dose series of MenACWY, with revaccination every 5 years. 25 As rates of vaccination against these serogroups increase, serogroup B has become a common cause of invasive meningococcal disease in developed nations. 26 It is possible that increased use of the serogroup B vaccine, 27, 28 which is still not available worldwide, will help prevent disease caused by that particular serogroup, although more research is needed. The European Medicines Agency recommends prophylactic antibiotic therapy in patients who initiate eculizumab <2 weeks after receiving meningococcal vaccine, 10 whereas the US Food and Drug Administration does not make recommendations regarding prophylaxis. 9 Some countries (e.g., France) require or recommend antibioprophylaxis throughout the duration of eculizumab therapy. 29 Although case reports have demonstrated the effectiveness of prophylactic antibiotics in reducing the risk of developing meningococcal infection, 30, 31 use and dosing in patients who have already been vaccinated has not been standardized. 29 Prescribing information for use of eculizumab also cautions regarding the risk of Aspergillus infections during treatment. 9, 10 In the current analysis, 1 adult evertreated patient with a history of liver and kidney transplant was noted to have recurrent bacterial and Aspergillus infections; subsequently, the patient suffered a ruptured cerebral aneurysm and died 1.5 months after discontinuing therapy. Aspergillus infections have been reported previously in rare instances 32, 33 in the setting of aHUS and eculizumab treatment. Thus, treating physicians should have clinical awareness of this additional potential complication, particularly with regard to immunosuppressed patients.
Few hepatic impairment events were reported in adult or pediatric patients in this safety analysis, and none of them led to treatment discontinuation. Hepatic impairment, typically asymptomatic and transient, has rarely been reported in patients with aHUS who have been treated with eculizumab. 34 In the aHUS clinical trial program, analyses of liver enzymes in pediatric 14 and adult 4 patients treated with eculizumab determined that more patients had elevated levels before initiation of therapy compared with after eculizumab initiation. Most of these patients had normalization of liver enzymes over 26 weeks of treatment with eculizumab.
Serious infusion reaction rates were low in adult (6 events in 4 patients; 0.52 per 100 patient-years) and 
pediatric patients (7 events in 5 patients; 0.78 per 100 patient-years) ever treated with eculizumab. Overall, these findings are consistent with those observed in the clinical trial program over up to 2 years of exposure. 4, [12] [13] [14] In the current analysis, instances of death were highest in the never-treated adult patients (9.9%), followed by ever-treated adults (4.7%) and evertreated pediatric patients (1.8%). This disparity may be attributed, at least in part, to greater disease progression in the adult population, particularly in the never-treated patients. Deaths occurred primarily as a result of underlying or coexisting diseases. As determined in the clinical trial program, deaths related to eculizumab therapy are rare and limited to meningococcal infections. 4, [12] [13] [14] In conclusion, this analysis of the Global aHUS Registry after 5 years of enrollment demonstrated no new safety concerns in either adult or pediatric patients with aHUS treated with eculizumab. Furthermore, the results of our analysis confirm the safety profile of eculizumab previously established in the clinical trial setting and, therefore, a positive benefitÀrisk profile in a real-world setting.
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